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TEXTURE STRUCTURE MANUFACTURING
METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage of International
Application No. PCT/JP2018/011028 filed Mar. 20, 2018,

claiming priority based on Japanese Patent Application No.
20177-69827, filed Mar. 31, 2017.

TECHNICAL FIELD

The present invention relates to a texture structure manu-
facturing method.

BACKGROUND ART

In an optical device such as a photoelectric conversion
clement and an optical sensor, a concave and convex struc-
ture for reducing light retlection may be formed on a light
receiving surface.

In a solar battery described in Patent Literature 1 (PTL1),
a moth eye structure 1s formed by a conductive substance on
a transparent conductive layer having a texture structure.

An 1maging element described in Patent Literature 2
(PTL2) includes a photoelectric conversion portion for con-
verting received light into electric charges, and a semicon-
ductor substrate including the photoelectric conversion por-
tion, 1 which a large number of regions having a refractive
index being different from a refractive mndex of the semi-
conductor substrate are formed between a surface of the
semiconductor substrate where light i1s incident, and the
photoelectric conversion portion. The region 1s formed to
have a shape such that an area i1s large at a depth close to the
surface of the semiconductor substrate where light 1s 1nci-
dent, and an area 1s small at a depth far from the surface.

In a solid-state 1maging device described 1n Patent Lit-
erature 3 (PTL3), a semiconductor substrate 1s engraved by
dry etching according to a resist pattern, and a concave
portion having a V shape 1n cross-section 1s formed.

CITATION LIST
Patent Literature

[PTL1] Japanese Patent Application Laid-Open No. 2013-
179217

[PTL2] Japanese Patent Application Laid-Open No. 201 3-
18906

|[PTL3] Japanese Patent Application Laid-Open No. 201 3-
220313

SUMMARY OF INVENTION

Technical Problem

For example, when an optical image sensor employing a
compound semiconductor having a random light scattering
surface 1s manufactured, 1t 1s desirable to form the scattering
surface at a position as close as possible to a light receiving
layer, for the purpose of reducing crosstalk by scattered
light.

Further, 1t 1s often the case that an optical image sensor
employing a compound semiconductor has a structure
tformed by bonding, by using a tlip chip bonding, a chip
including a light recerving portion, and a readout circuit chup

10

15

20

25

30

35

40

45

50

55

60

65

2

by a silicon complementary metal oxide semiconductor
(S1-CMOS). At this occasion, a scattering surface 1s formed
on a back surface of the light receiving portion. Therefore,
when a scattering surface 1s formed before flip chip bonding,
the tlip chip bonding becomes diflicult, since the chip having
the light receiving portion i1s very thin, and has a micro-
structure.

Further, when thinning 1s performed from a back surface
up to a position near a light recerving layer after flip chip
bonding, and thereafter, a random pattern for forming a
scattering surface 1s formed by photolithography or the like,
it 1s diflicult to satisty both of productivity and reliability.

An object of the present invention 1s to solve the above-
described problems, and provide a texture structure manu-
facturing method capable of acquiring a texture structure 1n
a simplified way.

Solution to Problem

To achieve the above-mentioned object, a method for
manufacturing a texture structure according to the present
invention, comprises: growing a layer including a randomly
distributed nanostructure on one major surface of a base
material; forming a light-scattering body having the nano-
structure embedded therein; and exposing a surface of the
light-scattering body by removing a part or whole of the base
material and the layer including the nanostructure.

Advantageous Effects of Invention

The present invention 1s able to provide a more simplified
manufacturing method of an optical device having a texture
structure.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional view schematically illustrating,
one example of a thin film semiconductor optical sensor to
be manufactured by a texture structure manufacturing
method according to an example embodiment of the present
ivention.

(a) of FIG. 2 1s a first schematic diagram illustrating a
principle of the optical sensor according to the example
embodiment, and (b) of FIG. 2 1s a second schematic
diagram 1llustrating the principle of the optical sensor
according to the example embodiment.

(a) to (d) of FIG. 3 are process diagrams illustrating a
random texture structure manufacturing method according
to a background art.

FIG. 4 1s a cross-sectional view of a semiconductor
optical device to be manufactured by a texture structure
manufacturing method according to a first example embodi-
ment of the present invention.

(a) to (f) of FIG. 5 are cross-sectional views 1llustrating a
manufacturing process of the semiconductor optical device
in FIG. 4.

(a) to (d) of FIG. 6 are cross-sectional views illustrating,
the manufacturing process of the semiconductor optical
device 1 FIG. 4.

FIG. 7 1s a graph illustrating a relationship between a
quantum dot growth rate and a quantum dot surface density.

FIG. 8 1s an atomic force microphotograph of a manu-
facturing example of low-density quantum dots.

FIG. 9 1s a surface photograph of a manufactured random
texture structure.

FIG. 10 1s a cross-sectional view of a semiconductor
optical device to be manufactured by a texture structure
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manufacturing method according to a second example
embodiment of the present invention.

(a) to (d) of FIG. 11 are cross-sectional views 1llustrating
a manufacturing process of the semiconductor optical device
in FIG. 10.

(a) to (d) of FIG. 12 are cross-sectional views 1llustrating
the manufacturing process of the semiconductor optical
device 1 FIG. 10.

FIG. 13 1s an atomic force microphotograph of a manu-
facturing example of a nanostructure having a structure in
which a plurality of quantum dots are aggregated.

FIG. 14 1s an electron microphotograph of a manufactur-
ing example of a nanostructure formed by combining a large
number of quantum dots.

FIG. 15 1s a cross-sectional view of a semiconductor
optical device to be manufactured by a texture structure
manufacturing method according to a third example embodi-
ment of the present invention.

(a) to (d) of FIG. 16 are cross-sectional views 1llustrating
a manufacturing process ol the semiconductor optical device
in FIG. 15.

(a) to (d) of FIG. 17 are cross-sectional views illustrating
the manufacturing process of the semiconductor optical
device 1n FIG. 15.

FIG. 18 1s a cross-sectional view of a thin film semicon-
ductor optical sensor to be manufactured by applying a
texture structure manufacturing method according to a
fourth example embodiment of the present invention.

(a) to (d) of FIG. 19 are cross-sectional views 1llustrating
a manufacturing process of the thin film semiconductor
optical sensor in FIG. 18.

(a) to (d) of FIG. 20 are cross-sectional views 1llustrating
the manufacturing process of the thin film semiconductor
optical sensor in FIG. 18.

FIG. 21 1s a cross-sectional view of a thin film semicon-
ductor optical sensor to be manufactured by applying a
texture structure manufacturing method according to a fifth
example embodiment of the present invention.

(a) to (d) of FIG. 22 are cross-sectional views illustrating
a manufacturing process of the thin film semiconductor
optical sensor in FIG. 21.

(a) to (¢) of FIG. 23 are cross-sectional views 1llustrating
the manufacturing process of the thin film semiconductor
optical sensor in FIG. 21.

(a) to (b) of FIG. 24 are cross-sectional views 1llustrating
the manufacturing process of the thin film semiconductor
optical sensor in FIG. 21.

EXAMPL.

EMBODIMENT

(Ll

Preferred example embodiments according to the present
invention are described in detaill with reference to the
drawings.

Before a specific example embodiment according to the
present invention 1s described, an overview of the present
invention 1s described. FIG. 1 1s a cross-sectional view
schematically illustrating one example of a thin film semi-
conductor optical sensor to be manufactured by applying a
texture structure manufacturing method according to an
example embodiment. An optical 1mage sensor 1 according
to the present example embodiment has a structure 1n which
a first electrode 8, a substrate 2, a light reflecting body 6, a
light absorbing medium 3, and a second electrode 7 are
laminated. Incident light 9 i1s incident on a surface of the
light absorbing medium 3 of the optical image sensor 1.
Note that the following description 1s made based on a
premise that a direction 1n which the first electrode 8 of the
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4

optical 1mage sensor 1 1s present 1s a down direction, and a
direction 1n which the second electrode 7 1s present 1s an up
direction. Description on up and down directions in the
following description does not limit a direction 1n which the
optical 1image sensor 1 1s disposed.

The first electrode 8 1s formed 1n contact with the sub-
strate 2. The second electrode 7 1s formed 1n contact with the
light absorbing medium 3. By applying an appropriate bias
voltage to the first electrode 8 and the second electrode 7, 1t
1s possible to withdraw a photocarrier generated by light
absorption. Further, although 1t depends on a device struc-
ture, a bias voltage to be applied between the first electrode
8 and the second electrode 7 1s generally about several volts.

A GaAs or the like may be used for the substrate 2. It 1s
possible to employ an n-type semiconductor substrate in
which an Si of about 1 to 3x10*® cm™ is doped in a GaAs.

The light reflecting body 6 1s laminated on the substrate
2. The light reflecting body 6 1s 1n contact with a surface of
the substrate 2 on a side opposite to a surface to be connected
to the first electrode 8. The light retlecting body 6 1s able to
be made of a metal or the like. The light reflecting body 6
reflects light transmitted through the light absorbing
medium 3 toward the light absorbing medium 3. The light
reflecting body 6 acts to reflect light that is not totally
reflected on a back surface texture structure 5 in such a way
that the light does not escape toward the substrate 2 side, and
return the light to the light absorbing medium 3 again.

The light absorbing medium 3 1s laminated on the light
reflecting body 6. As the light absorbing medmum 3, a
material having a refractive index being capable of absorb-
ing light having a center wavelength A to be detected by the
optical 1mage sensor 1 1s used. A thickness of the light
absorbing medium 3 i1s sufliciently smaller than a hg nt
penetration length (1inverse number of an absorption coetli-
cient). The light absorbing medium 3 has a light incident
surface texture structure 4 having concaves and convexes on
a surface where the incident light 9 1s imncident. The light
absorbing medium 3 also has the back surface texture
structure 3 on an 1nterface with respect to the light reflecting
body 6. A typical structure scale of the back surface texture
structure 5 1s d. When the light incident surface texture
structure 4 and the back surface texture structure 3 are
formed, light reciprocates multiple times within the light
absorbing medium 3 by total retlection of light on an
interface of the light absorbing medium 3. On the other
hand, there 1s light that 1s not totally reflected on the light
absorbing medium 3, and escapes toward the substrate 2
transmitted through the light absorbing medium 3. Light that
has transmitted through the light absorbing medium 3 1s
reflected on the light reflecting body 6, and 1s incident on the
light absorbing medium 3 again. A typical structure scale
means an average pitch (period) of concave and convex.
Note that a texture structure 1n the present description means
both of a structure having concaves and convexes on an
exposed surface of a substance, and a structure having
concaves and convexes on a laminated interface of the
substance with respect to another substance.

Light transmission and light reflection on mdividual sur-
faces having concaves and convexes constituting the light
incident surface texture structure 4 and the back surface
texture structure 3 locally depend on a planar direction
thereof, and follows a Snell’s law. However, since orienta-
tions of individual surfaces having concaves and convexes
are wrregular, the light incident surface texture structure 4
and the back surface texture structure 5 function, as a whole,
as a light scattering surface on which light reflection 1sotro-
pically occurs on a hemisphere surface. Because of necessity
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that light reflection on individual surfaces depend on a
planar orientation, the typical structure scale d of the light
incident surface texture structure 4 and the back surface
texture structure 5 1s required to satisty d>(A/n), by referring
to the center wavelength A and a refractive index n of the
light absorbing medium 3. In order to verily whether d>(A/n)
1s satisiied, 1t may be suilicient to evaluate an average pitch
of concave and convex of any sample region by various
types of surface roughness measuring devices. Note that a
depth of a concave and a height of a convex of both the light
incident surface texture structure 4 and the back surface
texture structure 5 are equal to about the center wavelength

A.

In a thin film semiconductor optical sensor as one
example of the optical image sensor according to the present

example embodiment, both of multi-path light absorption
enhancement by a light trap eflect, and semiconductor
surface antireflection by a moth eye eflect are achieved 1n a
desired wavelength band by applying a single texture struc-
ture to a light incident surtace. In a thin film semiconductor
optical sensor as one example of the optical image sensor
according to the present example embodiment, both of
multi-path light absorption enhancement by a light trap
ellect, and semiconductor surface antireflection by a moth
eye ellect are achieved 1n a desired wavelength band without
causing a problem on rehability and productivity. In the
tollowing, details are described.

First, multi-path light absorption enhancement by a light
trap eflect 1s described. It 1s conventionally known that light
can be efliciently trapped by eflectively utilizing total retlec-
tion within an optically thin medium having a higher refrac-
tive index than air being an external environment. As
expressed by the Fresnel equations, total reflection within a
medium occurs only for light having a large incident angle
(a small angle with respect to an interface). Light other than
the above 1s transmitted and radiated into the air by refrac-
tion on an iternal interface. A light mode in which light 1s
incident from the air into a medium, and a light mode 1n
which light 1s radiated from the 1nside of a medium 1into the
air, which 1s an inverse mode of the former light mode have
a one-to-one correspondence. When this 1s referred to as a
transmission mode, on a flat interface, the transmission
mode does not combine at all with a total reflection mode in
which total retflection occurs on an internal interface of a
medium. Therefore, when light 1s incident from the air 1nto
a thin film absorbing medium having a flat interface, only
double-path light absorption in which light reciprocates one
time occurs.

In order to achieve multi-path light absorption, a means
for combining a transmission mode with a total reflection
mode 1s necessary. Texturing an interface 1s one of effective
combining means for combining a transmission mode with
a total reflection mode. When light scattering reflection on a
textured interface occur 1sotropically on a hemisphere sur-
tace, a probability with which light subjected to total retlec-
tion on a textured surface 1s transmitted through the air
without total retlection on a succeeding textured surface 1s
decreased to 1/n°. Consequently, light is trapped in an
optically and sufliciently thin uniform medium having a
refractive index n, which 1s surrounded by a textured sur-
face, and emitted to the air after undergoing total reflection
on an interface n* times in average. As a result that a path
length until light is emitted to the air is multiplied n” times,
a light intensity within the medium is enhanced n” times, and
absorption efliciency of the medium improves. Absorption
enhancement occurs by multi-path light absorption.
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In order to enhance absorption by trapping light, the
following two conditions are necessary.

(1) A medium has a high refractive index, and 1s optically
thin, and

(2) Light scattering reflection 1sotropically occur on a
hemisphere surface at a textured interface 1n order to eflec-
tively combine a transmission mode and a total reflection
mode.

In order to satisiy the condition (2), 1t 1s necessary that a
typical structure scale of a texture structure 1s larger than a
wavelength order of incident light, 1n view of necessity that
the textured surface has a structure in which a planar
direction 1s random, and light reflection on individual sur-
faces of the texture structure depends on individual planar
orientations.

Next, surface antireflection by a moth evye eflect 1s
described. In a textured surface having a structure that
changes at a scale smaller than a wavelength order of
incident light, a moth eye eflect such that a vertical retlec-
tance of air with respect to a medium on a medium interface
having a refractive index n 1deally decreases from ((n—1)/
(n+1))” to 0 is known. This is because, in a texture structure
having a typical structure scale smaller than a wavelength
order, an operation on incident light by a diffraction effect
does not depend on a planar orientation of individual con-
cave or convex, and functions as one kind of a refractive
index matching layer in which an eflective refractive index
gradually changes from 1 to n. Although a moth eye ellect
functions as a refractive index matching layer 1n which a
drastic change of an interface refractive index 1s buflered
irrespective ol an optical thickness of a medium, the moth
eye ellect does not contribute at all to combining a trans-
mission mode and a total reflection mode. Since a decrease
in reflectance increases an amount of light that reaches an
absorbing layer, absorption enhancement occurs.

As described above, 1n an aspect of light absorption
enhancement, in an optically thin medium having a typical
structure scale of a texture structure larger than a wavelength
of light, multi-path light absorption enhancement by a light
trap ellect 1s important. When the typical structure scale of
the texture structure 1s small, incident surface antireflection
by a moth eye ellect 1s important rrespective ol an optical
thickness of a medium. In other words, 1n a textured surface
having concaves and convexes arranged at a single pitch, a
light trap eflect 1s important for light having a wavelength
shorter than a structure scale of the textured surface, and a
moth eye eflect 1s important for light in a long wavelength
region. Since these conditions are obviously exclusive of
each other, 1t has been believed that, in a texture structure
having concaves and convexes at a single pitch, it 1s not
possible to simultaneously receirve benefits of a light trap
ellect and a moth eye eflect for the purpose of absorption
enhancement.

For example, 1n a case of a silicon solar battery, since
energy acquisition 1s a purpose, there 1s a demand for
increasing photoelectric conversion efliciency of light 1n a
broad wavelength region from a near infrared to an ultra-
violet region. In order to enhance light absorption in a
wavelength region longer than an optically thin bandgap (to
1 um) by surface texturing, a random textured surface
having a structure scale larger than 1 um where a light trap
ellect becomes valid 1s necessary. In order to enhance light
absorption in an optically thick ultraviolet region of a
wavelength 300 nm or shorter by surface antireflection, a
concave and convex structure of a scale smaller than 300 nm
at which a moth eye eflect becomes valid i1s necessary.
Therefore, 1t has been difhicult to enhance incident light
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absorption of a silicon solar battery in a wide wavelength
region by a texture structure having concaves and convexes
at a single pitch.

By forming, on a surface, a double layered texture struc-
ture 1n which texture structures are laminated, 1t may be
possible to achieve a silicon solar battery that simultane-
ously achieves a light trap eflect and a moth eye effect, and
has a high photoelectric conversion efliciency of light 1n a
wide wavelength region from a near infrared to an ultravio-
let region by absorption enhancement. However, 1n a double
layered texture structure, superiority 1s low in terms of
productivity and reliability.

On the other hand, in a case of an optical sensor aiming,
at information acquisition, unlike a solar battery, the optical
sensor may be frequently used for detecting light in a
specific narrow wavelength band. In this case, 1t becomes
possible to achieve a thin film semiconductor optical sensor
that simultaneously receives benefits of a light trap effect
and a moth eye effect, and has a high photoelectric conver-
sion efliciency of light 1n a target wavelength band by
absorption enhancement. In the following, this 1s described
with reference to the drawings.

FIG. 2(a) 1s a first schematic diagram illustrating a
principle of an optical sensor according to the present
example embodiment. A case that a texture structure in
which a planar orientation 1s random 1s present on a light
incident surface and a back surface 1s considered. FIG. 2(a)
1llustrates a relationship among a light trap effect, a moth eye
cllect, and a wavelength of incident light. A horizontal axis
d indicates a typical structure scale of a texture structure.
When 1t 1s assumed that a detection target center wavelength
of the optical sensor 1s k, an eflective light wavelength
within a medium having a high refractive imdex (n>1)
becomes A/n (d<A). When it 1s assumed that a typical
structure scale of a texture structure of a front surface and a
back surface 1s d>A/n, since light scattering retlection occur
when light 1s reflected on an interface within a medium, light
1s trapped within an optically thin absorbing medium for use
in a thin film semiconductor optical sensor.

On the other hand, when it 1s assumed that d<A, a moth
eye ellect occurs for incident light from an outside of the
medium. In a case of an optically thin medium 1n which a
structure scale d of a texture structure satisfies A/n<d<A,
when light of the target center wavelength A 1s incident from
a vicinity in a vertical direction, the incident light 1n which
reflection 1s decreased by a moth eye eflect propagates 1n a
direction substantially vertical to the medium according to a
Snell’s law. The propagated light 1s i1sotropically scattered
and reflected on a hemisphere surface by the texture struc-
ture of the back surface, and 1s i1sotropically scattered and
reflected on the hemisphere surface again by the texture
structure of the front surface after re-propagation. Each time
the propagated light 1s scattered and retlected, a probability
with which the light 1s not totally reflected and 1s transmitted
to the outside of the medium is 1/n°. Thus, observed light is
trapped within the medium, and 1s emitted to the air after
repeating total reflection on a textured surface n” times in
average.

(b) of FIG. 2 15 a second schematic diagram 1llustrating
the principle of the optical sensor according to the present
example embodiment, and i1s a diagram illustrating, by
setting A on a horizontal axis, an effect occurred when light
of the target center wavelength A 1s incident from an outside
of an absorbing medium having a refractive mndex n and 1n
which a concave and a convex of a typical structure scale d
1s formed. The diagram illustrates that both of reduction of
incident light reflectance by a moth eye eflect, and multi-
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path light absorption by light trapping are achieved for a
light wavelength region where d<A<nd. A value for a
semiconductor material 1s from n to about 3.5 from an
atom-f1lling density. Therelore, a wavelength bandwidth that
can achieve both of the two eflects approximately becomes

Ar=(n-1)d to 2.5d. When a center of the band (n+1)d/2 1s

made coincide (A=(n+1)d/2) with the center wavelength A of
observation target light, AA becomes AA=2A(n-1)/(n+1).
When 1t 1s assumed that n=3.5, the value becomes a value of
an order of a center wavelength of detection target light,
namely, AA to 1.11A. Therefore, when this principle 1s
applied to detection of light 1n an infrared region where A>>1
wm, 1t becomes possible to achieve a thin film semiconductor
optical sensor that sitmultaneously recerves benefits of a light
trap ellect and a moth eye eflect of detection target light in
a substantially and practically suflicient band, and has a high
photoelectric conversion efliciency by absorption enhance-
ment due to each of the effects.

By using the above-described principle, the optical sensor
according to the present example embodiment achieves a
thin film semiconductor optical sensor that simultaneously
receives benefits of a light trap effect and a moth eye effect
for light 1n a target wavelength band by a single pitch
structure, and has a high photoelectric conversion efliciency
by absorption enhancement, based on each of the effects. In
view of this, a texture structure in which a planar direction
1s random 1s formed on a light incident surface and a back
surface of a light absorbing medium, and the typical struc-
ture scale d of the texture structure becomes to satisiy
(A/n)<d<A according to the center wavelength A of target
light. Further, a midpoint (n+1)d/2 between the structure
scale d viewed from the outside of the medium, and a typical
structure scale nd viewed from the 1nside of the medium 1s
made coincide with the center wavelength A of target
detection light. In other words, A=(n+1)d/2 1s satisfied.
When 1t 1s assumed that A=1 um and n=3.5, (A/n)<d<A 1s
0.28 um<d<1 um. When 1t 1s assumed that A and d satisty
A=m+1)d/2, d=0.44 um.

Conventionally, a photolithography method 1s employed
for forming a random texture structure in which at least
either a pitch of concave and convex, or an individual planar
direction of a concave and a convex 1s irregular. In other
words, a general method includes growing a semiconductor
layer on a light absorbing layer of an optical sensor, forming
a mask having a random pattern on a flat surface of the
semiconductor layer, and manufacturing by a chemical
ctching method.

(a) to (d) of FIG. 3 illustrate an etching method to be
specifically performed. As a mask for a random pattern, for
example, a random circular opening pattern as illustrated 1n
a plan view of (a) of FIG. 3 1s prepared. Gray portions 1n (a)
of FIG. 3 indicate random openings. A mask for a random
pattern 1s formed on a surface of a semiconductor layer in
which a light absorbing medium and the like are formed. (b)
of FIG. 3 illustrates a cross-sectional view of representative
large and small two openings among random circular open-
ing patterns. A light absorbing medium having a mask
formed as described above 1s immersed 1n an etchant for an
appropriate time. The appropriate time 1s a time to be
determined depending on a size, an interval, and the like of
a random pattern, which 1s imntended to be manufactured, as
far as each of patterns are not uniform. Thus, a small opening
portion 1s etched into a small hole, and a large opening
portion 1s etched into a larger hole. Consequently, a random
structure having a shape as 1llustrated in the cross-sectional

view of (c¢) of FIG. 3 1s formed.




US 11,195,963 B2

9

(c) of FIG. 3 illustrates a case after 1sotropic etching, and
illustrates a case (moistening speed 1mnto a substrate)>(side

ctching speed of a portion beneath a mask (end portion)). In
this example, an 1sotropic etchant (e.g. a solution 1n which
a small amount of Br i1s dissolved in methanol) 1s used. (d)
of FIG. 3 illustrates a case after anisotropic etching. When
etching 1s performed by using an anisotropic etchant (e.g., a
mixed solution of ammonia water and hydrogen peroxide
water), while using a mask pattern having square (or polygo-
nal) random openings, a random structure composed of
inverted pyramidal holes as illustrated 1n the cross-sectional
view of (d) of FIG. 3 1s formed.

However, when a texture structure 1s manufactured by the
present method, it 1s necessary to manufacture a mask for a
random pattern. The random pattern 1s required to be such
that a size distribution and a space distribution of openings
are random with respect to a predetermined wavelength.
Designing a mask for the random pattern 1s cumbersome.
Further, since a photolithography method 1s employed, 1t 1s
necessary to perform a process of forming a random pattern
on a resist film, a dielectric film, or the like, performing
ctching by using the formed random patterns as a mask, and
then removing the resist film or the dielectric film. There-
fore, a waler may be contaminated accompanied by the
process of removing the resist film or the dielectric film.

Further, generally, a random texture structure exhibits the
cllects more eflectively by forming the random texture
structure on a light absorbing layer, a light emitting laver,
and the like on a substrate side, or both of the substrate side
and a waler surface side, which 1s opposite to the substrate
side.

When a random texture structure 1s manufactured by a
photolithography method, 1t 1s easy to manufacture the
random texture structure on a watler surface side (side
opposite to a substrate side). However, when a random
texture structure 1s tried to be manufactured on the substrate
side being opposite to the waler surface side, 1t 1s necessary
to remove a semiconductor substrate of a certain thickness
over the entire surface or partially. When a semiconductor
substrate 1s removed over the entire surface, handling may
become diflicult due to thinming of a watfer. Further, when a
semiconductor substrate 1s partially removed, 1t 1s necessary
to manufacture a hole structure (barus structure) in which a
semiconductor substrate 1s removed except for a region
where light emission/light reception 1s performed, and
manufacture a random texture structure on a bottom portion
of the hole. Therefore, there occurs a problem such that a
resist film cannot be uniformly coated, contact exposure
cannot be performed, or the like. There 1s an 1ssue that a
process becomes extremely diflicult by an ordinary photo-
lithography method.

First Example Embodiment

A texture structure manufacturing method according to a
first example embodiment of the present invention, and an
optical 1mage sensor as one example of a device to be
manufactured by the manufacturing method and an opera-
tion principle thereof are described. More specifically, as
one example of the optical 1mage sensor, a thin film semi-
conductor optical sensor i1s described. FIG. 4 1s a cross-
sectional view of a semiconductor optical device to be
manufactured by the texture structure manufacturing
method according to the first example embodiment of the
present invention. (a) to (f) of FIG. 5 and (a) to (d) of FIG.
6 are cross-sectional views illustrating a manufacturing
process of the semiconductor optical device 1 FIG. 4.
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(Description on Configuration)

The semiconductor optical device 1n FIG. 4 includes a
semiconductor substrate 11, a first semiconductor layer 12,
a second semiconductor layer 13, a third semiconductor
layer 14, a semiconductor active layer 15, and a semicon-
ductor cover layer 16. In particular, the semiconductor
optical device 1n FIG. 4 1s a semiconductor optical device
having a random texture structure 20 within a barus struc-
ture.

(Description on Manufacturing Method)

Referring to FIGS. 4 to 6, a texture structure manuiac-
turing method according to the present example embodi-
ment, and a semiconductor optical device manufacturing
method according to the present example embodiment are
described. The present example embodiment 1s described
based on a premise that GaAs 1s used for the semiconductor
substrate 11, the first semiconductor layer 12, and the third
semiconductor layer 14. Further, the present example
embodiment 1s described based on a premise that a quantum
dot layer made of InAs 1s used as the second semiconductor
layer 13 and the semiconductor cover layer 16.

Furthermore, the present example embodiment 1s
described based on a premise that a light absorbing layer 1n
an infrared region constituted of a plurality of semiconduc-
tor layers including InAs quantum dots i1s used as the
semiconductor active layer 15.

Note that the present example embodiment 1s merely one
example of the present invention, and may be modified as far
as the modification exhibits an advantageous ellect
described 1n the present example embodiment by a compo-
nent factor and the like of a device structure. The semicon-
ductor material may be another material, and the nanostruc-
ture may be another structure. Further, a case that a
molecular beam epitaxy method 1s employed for manufac-
turing a semiconductor laminate structure i1s described.
However, another method such as an organic metal thermal
decomposition method may be employed.

First, the semiconductor substrate 11 made of GaAs i1s
prepared, and introduced into a growing device. In the
present process, a molecular beam epitaxy device 1s
employed as one example of the growing device. After a
natural oxide film on a substrate surface 1s removed by an
ordinary substrate surface cleaning treatment such as raising
a substrate temperature up to about 600° C., while radiating
As, the first semiconductor layer 12 made of GaAs 1s grown
on one major surface of the semiconductor substrate 11 ((a)
of FIG. 5. The first semiconductor layer 12 1s a bufler layer.
As far as a surface of the semiconductor substrate 11 has
crystallinity and cleanliness suflicient for succeeding
growth, the first semiconductor layer 12 may be omitted. In
the following manufacturing method, unless otherwise spe-
cifically mentioned, 1t 1s assumed that a manufacturing
process 1n a state of a watfer for a semiconductor optical
image sensor 1s described.

Next, the second semiconductor layer 13 1s grown, as one
example of a layer having a concave and convex surface on
which nanostructures are randomly distributed (() of FIG.
5). The present example embodiment describes an example
in which a quantum dot made of InAs 1s used as a nano-
structure. Specifically, the second semiconductor layer 13
made of InAs quantum dots 1s grown by supplying In by an
amount equivalent to 1.8 molecular layer (ML) at a substrate
temperature of 480° C. 1n an As atmosphere. Since there 1s
a lattice constant difference of about 7.2% between GaAs
and InAs, the grown InAs grows into a three-dimensional
island shape. The growth of the three-dimensional 1sland
shape 1s referred to as a Stranski Krastanov (SK) mode
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growth. Such the three-dimensional 1slands (quantum dots)
made of InAs are formed at a random position on a growing,
surface, and has a characteristic such that a very thin
(equivalent to about 1 to 2 molecular layers) Inx(Gal —xAs or
InAs two-dimensional layer accompames. Further, 1t is
possible to control a forming surface density of InAs quan-
tum dots by changing a growing parameter. For example,
when a growth rate of InAs quantum dots 1s decreased, the
density decreases, and when the growth rate 1s increased, the
density increases. In other words, 1t 1s possible to control an
average distance between quantum dots, according to an
operating wavelength of a semiconductor active layer.

FIG. 7 1s a graph illustrating a relationship between a
quantum dot growth rate and a quantum dot surface density.
FIG. 7 illustrates one example of a relationship between a
growth rate of InAs quantum dots and a surface density. By
changing a supply rate of InAs from 0.01 ML/s to 0.2 ML/s,
it 1s possible to control a forming density of InAs quantum
dots from 1x10® cm™ to 2x10'° cm™. FIG. 8 illustrates an
atomic force microphotograph of InAs quantum dots, when
a forming density of InAs quantum dots is set to 1x10” cm™
by controlling a growth rate. In this case, an average interval
of quantum dots becomes about 0.33 um from calculation of
a forming density. In other words, when 1t 1s assumed that a
refractive mdex of a semiconductor 1s 3.0, the forming
density 1s equivalent to an operating wavelength of an
infrared device of a wavelength of about 1 um. Thus, 1t
becomes possible to set an average forming interval of
quantum dots to a scale substantially equal to the typical
structure scale d of a target texture structure. It 1s possible to
control an average forming interval of quantum dots accord-
ing to an operating wavelength of an optical device. Further,
since quantum dots formed as described above have a
characteristic such that the quantum dots are distributed at
random on a waler surface, it 1s possible to easily acquire
randomly distributed quantum dots without performing a
special process.

Thereafter, GaAs of about several um 1n thickness 1s
grown as the third semiconductor layer 14 on the second
semiconductor layer 13 ((¢) of FIG. 5. The third semicon-
ductor layer 14 1s formed in such a way that a random
concave and convex surface of the second semiconductor
layer 13 1s embedded. Thereatter, the semiconductor active
layer 15 made of a light absorbing medium including an
InAs quantum dot absorbing layer 1s grown on the third
semiconductor layer 14 ((d) of FIG. 5). Specifically, after a
GaAs layer 1s grown by about several um by radiating Ga at
a substrate temperature of 380° C. 1n an As atmosphere, an
InAs quantum dot layer 1s grown by supplying In by an
amount equivalent to 2 to 3 ML at a supply rate of 0.2 ML/s
at a substrate temperature of 480° C. Unlike the case of the
second semiconductor layer 13, since a supply amount of In
1s large, it 1s possible to form InAs quantum dots at a high
density of about 5x10'° cm™*. The quantum dots function as
a light absorbing medium. By growing the three-dimen-
sional 1sland structures by embedding GaAs of about 50 nm
in thickness, a semiconductor layer made of a light absorb-
ing medium including an InAs quantum dot absorbing layer
1s formed. By repeating this process a plurality of times, the
semiconductor active layer 15 including a large number of
InAs quantum dot layers may be manufactured. Further, the
semiconductor cover layer 16 made of GaAs of about
several um 1n thickness 1s successively grown, and a watler
for a semiconductor optical image sensor as illustrated in (e)
of FIG. 5 1s acquired.

Next, a process of forming a random texture structure on
the third semiconductor layer 14 by using the waler 1s

10

15

20

25

30

35

40

45

50

55

60

65

12

described. First, the water 1s put upside down 1n such a way
that the semiconductor substrate 11 becomes an upper
surface. In the semiconductor optical device 1n FI1G. 4, signal
light 1s incident from the upper surface. In the present
example embodiment, a hole structure (barus structure) in
which a semiconductor substrate on a semiconductor sub-
strate side associated with a region performing light emis-
sion/light reception 1s removed i1s manufactured, and a
texture structure 1s manufactured on a bottom portion of the
hole. This 1s for preventing attenuation of signal light by a
semiconductor substrate, and strengthening interaction
between a texture structure and a light active layer.

In the following, a method for partially removing the
semiconductor substrate 11 1s described. First, a photoresist
1s coated on an under surface of the semiconductor substrate
11 by an ordinary photolithography method, and an opening
resist pattern 17 having a predetermined size depending on
a device size 1s formed by contact exposure ((f) of FIG. 5).

The semiconductor substrate 11 1s partially removed by
using the opening resist pattern 17. Specifically, an opening
slightly larger than a light receiving surface 1s manufactured
on a back surface of the semiconductor substrate 11 made of
(GaAs by a photolithography method, GaAs in the opening
region 1s removed by chemical etching, and an opeming
structure 18 1s manufactured ((a) of FIG. 6). In the present
example embodiment, since the semiconductor substrate 11
1s made of GaAs, 1t 1s preferable to use a mixed solution of
ammonia and hydrogen peroxide water. In an actual process,
a thin Al Ga,_,_As layer of about 10 nm may be nserted
between the semiconductor substrate 11 and the {first semi-
conductor layer 12. Since a mixed solution of ammonia and
hydrogen peroxide water has a property such that the mixed
solution etches GaAs, but hardly etches Al Ga,__As, etching
of the GaAs layer of the semiconductor substrate 11 stops at
the thin Al Ga,_ As layer. It 1s possible to selectively
remove the Al Ga,_ As layer exposed from the opening
portion by etching using dilute hydrochloric acid, and 1t 1s
casy to remove the Al Ga,__As layer without invading the
GaAs layer. Consequently, 1t 1s possible to manufacture the
opening structure 18 as illustrated in (a) of FIG. 6.

Removal of the semiconductor substrate 11 may be per-
formed by dry etching. Further, as far as materials of the
semiconductor substrate 11 and the first semiconductor layer
12 are different, 1t 1s possible to perform selective etching by
using a difference in etching speed between the materials.
Depending on a material constituting each of the layers, 1n
a case where wet etching 1s performed, an etchant may be
changed, and 1n a case where dry etching i1s performed,
reactant gas may be changed, as necessary. In the case of the
present example embodiment, since both of the semicon-
ductor substrate 11 and the first semiconductor layer 12 are
made of GaAs, which 1s a same substance, an etching
amount may be controlled by an etching rate and an etching
time, and etching may be performed up to a boundary
between the semiconductor substrate 11 and the first semi-
conductor layer 12.

After the partial removal of the semiconductor substrate
11 1s finished, the first semiconductor layer 12 1s removed by
selective etching, etching 1s proceeded up to an interface of
the second semiconductor layer 13, and the second semi-
conductor layer 13 1s exposed within the opeming structure
18. In the case of the present example embodiment, since the
first semiconductor layer 12 1s made of GaAs, and the
second semiconductor layer 13 1s made of InxGal-xAs or
InAs, it 1s preferable to employ dry etching by chlorine gas
tfor the first semiconductor layer 12. Dry etching by chlorine
gas 1s able to etch GaAs. However, in a case where a
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material containing In 1s used, an etching speed of the
material drastically decreases, and the material 1s hardly
ctched. Therelore, in dry etching by chlorine gas, the etching
stops at an interface with respect to the second semiconduc-
tor layer 13 containing In ((») of FIG. 6). The etching
method 1s not limited to the present method, as far as there
1s etching selectivity between a first semiconductor layer and
a second semiconductor layer.

Subsequently, etching 1s proceeded up to a surface of the
third semiconductor layer 14 by removing the second semi-
conductor layer 13 exposed within the opening structure 18
by selective etching ((¢) of FIG. 6. In this case, since the
second semiconductor layer 13 1s made of In Ga,_, As or
InAs, and the third semiconductor layer 14 1s made of GaAs,
it 1s preferable to use hydrochloric acid as an etchant. In a
case¢ where this method 1s employed, conversely to dry
etching by chlorine gas, In Ga,__As or InAs 1s etched, but
GaAs 1s hardly etched. As a result of the process, a hole
structure 19 associated with a shape of a nanostructure
included 1n the second semiconductor layer 13 as illustrated
in (c) of FIG. 6 appears on a surface of the third semicon-
ductor layer 14. A surface configuration of the hole structure
19 1s associated with a two-dimensional distribution of
nanostructures of the second semiconductor layer 13, a
forming position 1s random, and an average forming interval
ol holes becomes a value substantially equal to the typical
structure scale d.

When a depth of a hole of the hole structure 19 1s
suilicient for exhibiting a characteristic of a random texture
structure, the hole structure 19 may be employed as a texture
structure. When a depth of a hole of the hole structure 19 1s
not sutlicient to be employed as a texture structure, etching,
may be further proceeded 1n such a way that a deep hole 1s
formed by using these holes as a seed, and a random texture
structure 20 may be formed ((d) of FIG. 6. The etchant 1s not
specifically limited, as far as a forming interval of holes can
be secured. However, an etchant that selectively etches a
defect or the like being present on a surface 1s more
preferable. For example, 1t 1s possible to use, as an etchant,
a mixed solution of hydrochloric acid, acetic acid, and
hydrogen peroxide water. A mixing ratio of a mixed solution
of hydrochloric acid, acetic acid, and hydrogen peroxide
water may be such that hydrochloric acid:acetic acid:hydro-
gen peroxide water=1:2:1, for example. By performing
ctching by a mixed solution as described above, a hole
(defect) portion 1s etched deeper, and it i1s possible to
manufacture the random texture structure 20 having a large
distribution also i a depth direction. A semiconductor
optical device having a random texture structure within a
barus structure illustrated 1n FIG. 4 1s completed by remov-
ing the opening resist pattern 17 after the random texture
structure 20 1s manufactured.

FIG. 9 illustrates a surface photograph of one example of
a random texture structure to be manufactured on GaAs. A
portion where a defect (hole) 1s present on a surface 1s
selectively etched, and a structure (random texture structure)
having a random concave and convex 1s formed.

(Description on Advantageous Eflects)

In the present example embodiment, 1t 1s possible to
manufacture, 1n a simplified way, the hole structure 19 and
the random texture structure 20 in which a size and a
forming interval are controlled on a surface of the third
semiconductor layer 14. Further, in the present example
embodiment, 1t 1s possible to manufacture, in a simplified
way, the hole structure 19 and the random texture structure
20 1n which a size and a forming interval are controlled on
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a bottom surface inside a hole structure (barus structure) 1n
which the semiconductor substrate 11 1s partially removed.

Since a barus structure has a large concave and convex on
a surtface because a substrate 1s etched into a hole shape, 1t
1s extremely diflicult to manufacture a texture structure by an
ordinary photolithography method. Contrary to this, in the
texture structure manufacturing method according to the
present example embodiment, the second semiconductor
layer 13 1s grown by a crystal growth method. A three-
dimensional island (quantum dot) of a nanostructure 1is
formed at a random position on a growing surface by using
a self-forming phenomenon of a crystal growth process, and
the hole structure 19 and the random texture structure 20 are
manufactured by using the above.

Thus, 1n the texture structure manufacturing method
according to the present example embodiment, it 1s possible
to manufacture the random texture structure 20, while omit-
ting manufacturing a mask for a random pattern. Further, in
the texture structure manufacturing method according to the
present example embodiment, a structure of an etching
pattern for manufacturing a texture structure 1s embedded by
crystal growth at a stage of manufacturing a water before-
hand. Therefore, even after a hole structure 1s manufactured,
it 1s possible to manufacture a texture structure only by
ctching. Further, regarding the pattern by a nanostructure
that 1s manufactured beforehand, it 1s possible to control a
density, a size, a shape, and a structure of a nanostructure by
changing a growing condition of crystal growth. Thus, 1t 1s
possible to design a desired pattern according to a semicon-
ductor light element to be manufactured.

Note that a random texture structure may also be formed
on a surface (semiconductor cover layer 16) on the opposite
side as necessary. In this case, the method according to the
present example embodiment may be employed, or an
ordinary photolithography method may be employed. Fur-
ther, in the present example embodiment, InAs 1s used as a
material for a quantum dot, and GaAs 1s used as a material
for embedding the quantum dot. The material, however, 1s
not limited to the above. As the quantum dot materials/
embedding materials other than the above, for example,
there are In Ga,_ _As/GaAs, In Al,_ As/Al Ga,__As or

GaAs, InP/InP/Ga In,_ As P,_, and the like. The present

example embodiment can be achieved by employing an
etching method according to each of the material groups.

Second Example Embodiment

Next, a texture structure manufacturing method according
to a second example embodiment of the present invention 1s
described. The first example embodiment describes a
method for manufacturing the random texture structure 20
on a bottom of a hole structure (barus structure) in which the
semiconductor substrate 11 1s partially removed. In a case
where a total of thicknesses of growing layers from the third
semiconductor layer 14 to the semiconductor cover layer 16
in the first example embodiment 1s sutliciently large, and the
growing layers can be maintained even when a substrate 1s
removed over the entire surface, or a case where a growing
layer 1s joined to another semiconductor substrate or the like,
it 15 also possible to manufacture a random texture structure
by using a photolithography method by manufacturing a
mask for a random pattern according to a background art.
However, in the method according to the present example
embodiment, it 1s possible to manufacture a random texture
structure 1n a more simplified way. Elements similar to those
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in the first example embodiment are indicated with same
reference numbers, and detailed description thereof 1s omit-
ted.

(Description on Configuration)

FIG. 10 1s a cross-sectional view of a semiconductor
optical device to be manufactured by a texture structure
manufacturing method according to the second example
embodiment of the present invention. (a) to (d) of FIG. 11,
and (a) to (d) of FIG. 12 are cross-sectional views illustrat-
ing a manufacturing process ol the semiconductor optical
device 1 FIG. 10.

The semiconductor optical device 1 FIG. 10 includes a
third semiconductor layer 14, a semiconductor active layer
15, and a semiconductor cover layer 16. A random texture
structure 20 1s formed on the third semiconductor layer 14.
The semiconductor optical device in FIG. 10 1s a device 1n
a case where a semiconductor substrate 1s removed over the
entire surface.

(Description on Manufacturing Method)

Referring to FIGS. 11 and 12, the texture structure manu-
facturing method according to the present example embodi-
ment 1s described. FIGS. 11 and 12 illustrate a random
texture structure manufacturing process i which a semi-
conductor substrate 11 1s finally removed over the entire
surface. First, similarly to the first example embodiment,
cach of layers including a semiconductor active layer 1is
grown by a crystal growth method. Specifically, a first
semiconductor layer 12 made of GaAs 1s grown on one
major surface of the semiconductor substrate 11 ((a) of FIG.
11). Next, as one example of a layer having concaves and
convexes on which nanostructures are randomly distributed,
a second semiconductor layer 13 1s grown ((b) of FIG. 11).
Next, the third semiconductor layer 14 1s grown on the
second semiconductor layer 13 ((¢) of FIG. 11). Next, the
semiconductor active layer 15 1s grown on the third semi-
conductor layer 14, and then, the semiconductor cover layer
16 1s grown ((d) of FIG. 11). A process being a waler
manufacturing process until the semiconductor cover layer
16 1s grown 1s similar to the first example embodiment.

Next, a process of forming a random texture structure on
the third semiconductor layer 14 by using the water 1s
described. First, the water 1s put upside down 1n such a way
that the semiconductor substrate 11 becomes an upper
surface ((a) of FIG. 12). Next, the semiconductor substrate
11 1s removed over the entire surface. The removal of the
semiconductor substrate 11 1s performed by wet etching or
dry etching. When materials of the semiconductor substrate
11 and the first semiconductor layer 12 are different, it 1s
possible to perform selective etching by using a diflerence in
ctching speed between the materials. Depending on a mate-
rial constituting each of the layers, 1n a case where wet
etching 1s performed, an etchant may be changed, and 1n a
case where dry etching 1s performed, reactant gas may be
changed, as necessary. Further, similarly to the first example
embodiment, an etch stop layer may be introduced. In the
case of the present example embodiment, since both of the
semiconductor substrate 11 and the first semiconductor layer
12 are made of GaAs, which 1s a same substance, an etching
amount 1s controlled by an etching rate and time, and etching
1s performed up to a boundary between the semiconductor
substrate 11 and the first semiconductor layer 12 (() of FIG.
12).

After the removal of the semiconductor substrate 11 1s
finished, the first semiconductor layer 12 1s removed by
selective etching, and a surface of the second semiconductor
layer 13 1s exposed. In the case of the present example
embodiment, since the first semiconductor layer 12 1s made
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of GaAs, and the second semiconductor layer 13 1s made of
In Ga,__As or InAs, similarly to the first example embodi-
ment, 1t 1s preferable to employ dry etching by chlorine gas
for removal of the first semiconductor layer 12 made of
GaAs. By the above-described process, 1t is possible to
acquire a structure in which the second semiconductor layer
13 1s exposed on a surface ((¢) of FIG. 12).

Subsequently, etching 1s proceeded up to a surface of the
third semiconductor layer 14 by removing the second semi-
conductor layer 13 by selective etching. In this case, since
the second semiconductor layer 13 1s made of In Ga,_ _As or
InAs, and the third semiconductor layer 14 1s made of GaAs,
wet etching by hydrochloric acid as an etchant 1s employed.
As a result of the etching, a hole structure 19 associated with
a nanostructure included 1n the second semiconductor layer
13 as 1llustrated 1n (d) of FIG. 12 appears on a surface of the
third semiconductor layer 14.

When a depth of a hole 1s suflicient for exhibiting a
characteristic of a random texture structure, since the hole
structure 19 can be employed as a random texture structure,
the manufacturing process 1s finished. Specifically, the
manufacturing process may be finished not for the semicon-
ductor optical device illustrated in FIG. 10 but for a semi-
conductor optical device having the hole structure 19 1llus-
trated in (d) of FIG. 12.

When a depth of a hole 1s not suflicient, similarly to the
first example embodiment, etching 1s further proceeded 1n
such a way that a deep hole 1s formed by using these holes
as a seed. The etchant 1s not specifically limited, as far as a
forming interval of holes can be secured. However, an
ctchant that selectively etches a defect or the like being
present on a surface 1s more preferable. For example, by
performing etching by a mixed solution being hydrochloric
acid:acetic acid:hydrogen peroxide water=1:2:1, a hole (de-
fect) portion 1s etched deeper. Therefore, 1t 1s possible to
manufacture a random texture structure having a large
distribution also 1n a depth direction. A region where a defect
1s present on a surface 1s selectively etched by the etching,
and the random texture structure 20 having a random
concave and convex 1s formed (FIG. 10).

The hole structure 19 and the random texture structure 20
are associated with a distribution of nanostructures serving
as a seed. In the case of the present example embodiment,
since a quantum dot 1s used as a nanostructure, a forming,
position 1s random. An average forming interval of quantum
dots 1s controlled in such a way as to become a scale
substantially equal to a typical structure scale d, which 1s
intended to be manufactured in a first quantum dot manu-
facturing process. Therefore, a forming position of concave
and convex of a texture structure formed on a surface is
random, and an average forming interval also becomes a
scale substantially equal to the typical structure scale d,
which 1s mtended to be manufactured. Consequently, 1t 1s
possible to acquire the random texture structure 20.

Note that, also 1n a structure before the second semicon-
ductor layer 13 1s removed 1n FIG. 12(b) or 12(c¢), a texture
structure having a random distribution 1n which an average
interval 1s the structure parameter d 1s formed on a surface.
It 1s possible to employ a state before the second semicon-
ductor layer 13 1s removed in (b) or (c¢) of FIG. 12, as a
random texture structure, depending on a device structure or
another condition.

(Description on Advantageous Ellects)

In the present example embodiment, similarly to the first
example embodiment, it 1s possible to manufacture, 1n a
simplified way, the random texture structure 20 1n which a
s1ze and a forming interval are controlled on a surface of the
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third semiconductor layer 14. In the texture structure manu-
facturing method according to the present example embodi-

ment, stmilarly to the first example embodiment, the second
semiconductor layer 13 1s grown by a crystal growth
method. A three-dimensional 1sland (quantum dot) of a nano
structure 1s formed at a random position on a growing
surface by using a self-forming phenomenon of a crystal
growth process, and the hole structure 19 and the random
texture structure 20 are manufactured by using the above.

Thus, 1 the texture structure manufacturing method
according to the present example embodiment, similarly to
the first example embodiment, 1t 1s possible to manufacture
the random texture structure 20, while omitting manufac-
turing a mask for a random pattern.

Third Example

Embodiment

Next, a texture structure manufacturing method according
to a third example embodiment of the present invention 1s
described. In the first and second example embodiments, a
quantum dot 1s used as a nano structure of the second
semiconductor layer 13. However, a nanostructure 1s not
limited to a quantum dot.

FIG. 13 1s an atomic force microphotograph of a manu-
facturing example of a nanostructure having a structure 1n
which several quantum dots are aggregated. FIG. 13 1llus-
trates a state that some of 1solated quantum dots 1llustrated
in FIG. 8 are combined mto an aggregate, and a new
nanostructure 1s formed. The three-dimensional structures
are such that not only a forming position thereof 1s random
similarly to the first example embodiment, but also the
number of combined quantum dots 1s random. Therefore, a
s1ize (height) of an aggregate also becomes random.

FIG. 14 1s an electron microphotograph of a manufactur-
ing example of a nanostructure formed by combining a large
number of quantum dots. FIG. 14 1s an electron micropho-
tograph of a nanostructure to be formed, when a supply
amount of InAs, which 1s 2 ML or less when a nanostructure
in the first example embodiment 1s manufactured, 1s further
increased, and InAs of about 100 ML 1s supplied. A structure
ol a size of about several 100 nm 1s formed on a surface over
the entire surface. The surface of the nanostructures 1s
surrounded by a certain specific crystal plane, and a shape
thereot 1s also random. In the third example embodiment, a
case that the structures are used as a nanostructure included
in a second semiconductor layer i1s described.

(Description on Configuration)

A semiconductor optical device 1n FIG. 15 includes a third
semiconductor layer 14, a semiconductor active layer 15,
and a semiconductor cover layer 16. A random texture
structure 20 1s formed on the third semiconductor layer 14.
Similarly to the second example embodiment, the semicon-
ductor optical device in FIG. 15 1s a device 1n a case where
a semiconductor substrate 1s removed over the entire sur-
face.

(Description on Manufacturing Method) In the following,
a method for manufacturing the semiconductor optical
device 1n FIG. 15 1s described. (a) to (d) of FIG. 16, and (a)
to (d) of FIG. 17 are cross-sectional views 1llustrating a
manufacturing process ol the semiconductor optical device
in FIG. 15. FIGS. 16 and 17 illustrate a process of manu-
facturing a random texture structure by using a three-
dimensional structure 1n which a nanostructure included 1n
a second semiconductor layer 1s not a quantum dot. Note that
the process 1n the present example embodiment 1s similar to
the second example embodiment, except for a nanostructure
manufacturing process.
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First, a semiconductor substrate 11 made of GaAs 1s
prepared, and a first semiconductor layer 12 made of GaAs
1s grown on one major surface of the semiconductor sub-
strate 11 1n accordance with a procedure similar to the first
and second example embodiments ((a) of FIG. 16). Next, as
one example of a layer including a concave and convex
surface on which nanostructures are randomly distributed, a
second semiconductor layer 13 1s grown ((b) of FIG. 16).
The present example embodiment describes an example 1n
which a three-dimensional structure illustrated in FIG. 14 1s
used as a nanostructure. After a GaAs layer 1s grown by
about several um by radiating Ga at a substrate temperature
of 580° C. 1n an As atmosphere, a three-dimensional struc-
ture formed by combinming a large number of InAs quantum
dots 1s formed by supplying In by an amount equivalent to
about 100 ML. In the three-dimensional structure, since
distortion due to lattice inconsistency in constituent sub-
stance between a substrate being grown and a growing layer
1s formed, 1t 1s necessary to reduce an influence of occur-
rence of transposition accompanied by the distortion. In the
present example embodiment, the third semiconductor layer
14 made of GaAs 1s grown by several um (herein, 3 um) on
the second semiconductor layer 13 ((c) of FIG. 16. By the
growth of the third semiconductor layer 14, it 1s possible to
avoild an influence by distortion.

Processes thereafter are similar to those of the second
example embodiment. The semiconductor active layer 15 1s
grown on the third semiconductor layer 14, and the semi-
conductor cover layer 16 1s grown ((d) of FIG. 16). Next, the
waler 1s put upside down 1n such a way that the semicon-
ductor substrate 11 becomes an upper surface ((a) of FIG.
17). Next, the semiconductor substrate 11 1s removed over
the entire surface. In the case of the present example
embodiment, since both of the semiconductor substrate 11
and the first semiconductor layer 12 are made of GaAs,
which 1s a same substance, an etching amount 1s controlled
by an etching rate and time, and etching 1s performed up to
a boundary between the semiconductor substrate 11 and the
first semiconductor layer 12 ((b) of FIG. 17). After the
removal of the semiconductor substrate 11 1s finished, the
first semiconductor layer 12 1s removed by selective etching,
and a surface of the second semiconductor layer 13 1is
exposed. In the case of the present example embodiment,
since the first semiconductor layer 12 1s made of GaAs, and
the second semiconductor layer 13 1s made of In Ga,__As or
InAs, similarly to the first example embodiment, it 1s pret-
erable to employ dry etching by chlorine gas for removal of
the first semiconductor layer 12 made of GaAs. As a result,
a structure 1n which the second semiconductor layer 13
made of In Ga,_ As or InAs 1s exposed on a surface 1s
acquired ((c) of FIG. 17). Subsequently, etching i1s pro-
ceeded up to a surface of the third semiconductor layer 14
by removing the second semiconductor layer 13 by selective
ctching. In this case, since the second semiconductor layer
13 1s made of In _Ga,__As or InAs, and the third semicon-
ductor layer 14 1s made of GaAs, it 1s preferable to employ
wet etching by hydrochloric acid as an etchant. As a result
of the etching, a hole structure 19 associated with a nano-
structure mcluded 1n the second semiconductor layer 13 as
illustrated in (d) of FIG. 17 appears on a surface of the third
semiconductor layer 14.

When a depth of a hole of the hole structure 19 1s
suflicient for exhibiting a characteristic as a texture struc-
ture, the hole structure 19 1s employed as a texture structure.
Then, the texture structure manufacturing process is 1in-
ished. Specifically, the manufacturing process may be fin-
1shed not for the semiconductor optical device illustrated 1n
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FIG. 15 but for a semiconductor optical device having the
hole structure 19 illustrated in (d) of FIG. 17.

Similarly to the first and second example embodiments,
when a depth of a hole of the hole structure 19 1s not
suilicient, etching 1s further proceeded by using the holes as
a seed, and the random texture structure 20 1s formed. The
ctchant 1s not specifically limited, as far as a forming interval
of holes can be secured. However, an etchant that selectively
etches a defect or the like being present on a surface 1s more
preferable. For example, by performing etching by a mixed
solution being hydrochloric acid:acetic acid:hydrogen per-
oxide water=1:2:1, a hole (defect) portion 1s etched deeper.
Therefore, 1t 1s possible to manufacture a random texture
structure having a large distribution also 1n a depth direction.
A region where a defect 1s present on a surface 1s selectively
ctched by the etching, and the random texture structure 20
1s formed (FI1G. 15).

The hole structure 19 and the random texture structure 20
formed on a surface are associated with a distribution of
nanostructures serving as a seed. In the case of the present
example embodiment, since a three-dimensional structure
formed by combining a large number of InAs quantum dots
1s employed as a nanostructure, a forming position 1s ran-
dom, and an average forming interval of quantum dots 1s
controlled 1 such a way as to become a scale substantially
equal to a typical structure scale d, which 1s intended to be
manufactured 1n a first quantum dot manufacturing process.
Therefore, a forming position of concave and convex of a
texture structure formed on a surface 1s random, and an
average forming interval also becomes a scale substantially
equal to the typical structure scale d, which 1s intended to be
manufactured. Consequently, i1t 1s possible to acquire the
random texture structure 20.

Note that also 1n a structure before the second semicon-
ductor layer 13 1s removed 1n (b) or (¢) of FIG. 17, the
random texture structure 20 having a random distribution in
which an average interval i1s the structure parameter d 1s
formed on a surface. It 1s possible to employ a state before
the second semiconductor layer 13 1s removed 1n (b) or (c)
of FIG. 17, as a random texture structure, depending on a
device structure or another condition.

(Description on Advantageous Effects)

In the present example embodiment, similarly to the first
and second example embodiments, 1t 15 possible to manu-
facture, 1n a simplified way, the random texture structure 20
in which a size and a forming interval are controlled on a
surface of the third semiconductor layer 14. In the texture
structure manufacturing method according to the present
example embodiment, the second semiconductor layer 13 1s
grown by a crystal growth method. A three-dimensional
island (quantum dot) of a nanostructure i1s formed at a
random position on a growing surface by using a seli-
forming phenomenon of a crystal growth process, and the
hole structure 19 and the random texture structure 20 are
manufactured by using the above.

Thus, 1 the texture structure manufacturing method
according to the present example embodiment, similarly to
the first and second example embodiments, it 1s possible to
manufacture the random texture structure 20, while omitting
manufacturing a mask for a random pattern.

Further, 1n the present example embodiment, as a nano-
structure of the second semiconductor layer 13, not a quan-
tum dot as described in the first and second example
embodiments, but a three-dimensional structure having a
structure 1 which several quantum dots are aggregated 1s
employed. In a three-dimensional structure as described 1n
the present example embodiment, similarly to the first and
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second example embodiments, not only that a forming
position of the three-dimensional structure 1s at random, but

also that the number of combined quantum dots 1s random.
Therefore, a size (height) of an aggregate also becomes
random.

All of the nanostructures included in the second semicon-
ductor layer 13 described in the first, second and third
example embodiments are manufactured by using a seli-
forming phenomenon 1n a crystal growth process. In other
words, unlike a method such as photolithography, 1t 1s
possible to manufacture a nanostructure only by supplying a
specific raw material in a crystal growing device, without the
need of a mask or the like, for forming a structure, such as
a resist or a dielectric. Therefore, the present method 1s very
simple, and 1s less likely to be aflected by contamination
accompanied by a process. Further, a forming position 1s
basically random, and 1t 1s possible to control an average
interval ol concaves and convexes ol the structure by
changing a basic growing condition of crystal growth such
as a growth speed and a growth temperature. It 1s possible
to arbitrarily design according to a specification of a device.

Fourth Example Embodiment

Next, a texture structure manufacturing method according
to a fourth example embodiment of the present invention 1s
described. The present example embodiment 1s one example
ol a case where the above-described texture manufacturing
method 1s applied to a more specific thin film semiconductor
optical sensor manufacturing method or random texture
structure manufacturing process.

FIG. 18 1s a cross-sectional view of a thin film semicon-
ductor optical sensor according to the fourth example
embodiment to be manufactured by applying a texture
structure manufacturing method according to an example
embodiment of the present invention. (a) to (d) of FIG. 19,
and (a) to (d) of FIG. 20 are cross-sectional views illustrat-
ing a thin film semiconductor optical sensor manufacturing
process according to the fourth example embodiment.

(Description on Configuration)

The thin film semiconductor optical sensor in FIG. 18 1s
a light receiving image sensor 100. The light receiving
image sensor 100 mn FIG. 18 includes a light absorbing
medium 103, a second electrode 107, a first electrode 108,
a first n-doped layer 109, a passivation film 111, a metal
bump 112, a readout circuit chip 113, thermoset resin 114,
and a random texture structure 115.

Herein, regarding an example of an infrared light recerv-
ing element employing an InAs quantum dot absorbing layer
formed 1n a GaAs semiconductor layer, as the light absorb-
ing medium 103 being a semiconductor active layer, one
example of a manufacturing process including integrating
into a readout circuit 1s described. The present manufactur-
ing process described here 1s merely one example of a
manufacturing process of a main constituent element of the
present thin film semiconductor optical sensor element. An
actual thin film semiconductor optical sensor element may
be modified, as far as the modification exhibits an advanta-
geous elfect described in the present example embodiment
by a component factor ol another device structure.

(Description on Manufacturing Method)

A manufacturing method 1s described by using FIG. 19.
First, a GaAs substrate 102 is prepared, and introduced into
a growing device. In the present process, a molecular beam
epitaxy device 1s employed as one example of the growing
device. As far as the growing device 1s able to manufacture
a thin film structure, another device, for example, an organic
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metal thermally decomposable film forming device may be
available. A natural oxide film on a substrate surface 1is
removed by an ordinary substrate surface cleaning treatment
such as raising a substrate temperature up to about 600° C.,
while radiating As. Thereafter, a nanostructure layer 105
contaiming In Ga,_ As 1s grown according to a method
similar to the third example embodiment. An average form-
ing interval of structures of the nanostructure layer 105 is
assumed to be a scale substantially equal to a typical
structure scale d, which 1s intended to be manufactured.

Thereafter, a GaAs layer i1s formed 1n such a way that a
random pattern of a structure of the nanostructure layer 105
1s embedded, and a second n-doped layer 110 1s grown. The
second n-doped layer 110 1s formed 1n order to secure an
ohmic contact with the first electrode 108 to be formed later.
Thereatter, the light absorbing medium 103 including an
InAs quantum dot absorbing layer 1s grown. Specifically,
alter a GaAs layer 1s grown by about several um by radiating
Ga at 580° C. 1 an As atmosphere, an InAs quantum dot
layer 1s grown by supplying In by an amount equivalent to
2 to 3 ML at a substrate temperature of 480° C. By growing
a three-dimensional 1sland structure composed of the InAs
quantum dot layers by embedding GaAs of about 50 nm 1n
thickness, the light absorbing medium 103 including an
InAs quantum dot absorbing layer 1s formed. By repeating
this process a plurality of times, a quantum dot absorbing,
layer composed of a large number of InAs quantum dots
may be manufactured. Further, after GaAs of about several
wm 1n thickness 1s successively grown again, the growth of
the light absorbing medium 103 1s finished. Further, by
growing the first n-doped layer 109 on the light absorbing
medium 103, a water for a thin film semiconductor optical
image sensor as 1llustrated 1n (a) of FIG. 19 1s acquired. The
first n-doped layer 109 1s formed in order to secure an ohmic
contact with the second electrode 107 to be formed later.

Next, 1n order to separate the light absorbing medium 103
into each element, a mesa structure 106 1s formed by
anisotropic etching (e.g., a mixed solution of ammonia water
and hydrogen peroxide water) ((») of FIG. 19). The second
clectrode 107 and the first electrode 108 are respectively
formed by vapor deposition on the first n-doped layer 109 on
cach of the mesa structures 106, and on the second n-doped
layer 110 that appears by etching ((c) of FIG. 19). Further,
the passwatlon film 111 (e.g. S10,) 1s formed 1n such a way
that an opening 1s located on an electrode portion by the
second electrode 107 and the first electrode 108 ((d) of FIG.
19). Furthermore, a metal bump 112 (e.g. an indium bump)
1s Tormed on the second electrode 107 and the first electrode
108 1n an opening of the passivation film 111 ((a) of FIG.
20). Lastly, a wafer 1s cut into each chip to form a light
receiving chip.

Next, the readout circuit chip 113 1in which a signal
readout circuit 1s 1ntegrated in association with a cut light
recelvmg chip 1s prepared, and the thipped light receiving
chip and the readout circuit chip 113 are bonded with ﬂlp
chip manner ((») of FIG. 20). For the purpose of increasing
a mechanical strength of a device, the thermoset resin 114 1s
filled 1n a clearance between the light rece1rving chip and the
readout circuit chip 113 ((¢) of FIG. 20).

Next, the GaAs substrate 102 of the light receiving chip
1s removed by selective wet etching (e.g. a mixture of citric
acid and hydrogen peroxide water), and the nanostructure
layer 105 1s exposed ((d) of FIG. 20). Further, by removing
the nanostructure layer 105 by selective wet etching with
GaAs (e.g. bullered hydrofluoric acid), a GaAs layer 116
having a quantum dot random pattern embedded therein 1s
exposed, and the light receiving image sensor 100 1n which
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the random texture structure 115 having a structure such that
a shape of quantum dots of the nanostructure layer 105 1s
transierred in the vicinity of a light receiving layer 1s formed
1s completed (FIG. 18).

(Description on Advantageous Effects)

In the present example embodiment, 1t 1s possible to
manufacture, 1n a simplified way, the random texture struc-
ture 115 1n which a size and a forming interval are controlled
in the light receiving image sensor 100. In the manufacturing
method of the random texture structure 115 according to the
present example embodiment, similarly to the first to third
example embodiments, the nanostructure layer 105 1s grown
by a crystal growth method. A three-dimensional island
(quantum dot) of a nanostructure 1s formed at a random
position on a growing surface by using a seli-forming
phenomenon of a crystal growth process, and the random
texture structure 115 1s manufactured by using the above.

Thus, 1t 1s possible to manufacture the random texture
structure 115, while omitting manufacturing a mask for a
random pattern. Further, 1t 1s possible to manufacture the
light receiving image sensor 100 having the random texture
structure 1135 by applying a manufacturing process of a thin
film semiconductor optical sensor.

Further, 1n the present example embodiment, it 1s possible
to manufacture the random texture structure 115 at a position
very close to the light absorbing medium 103 including an
InAs quantum dot absorbing layer. Thus, 1t 1s possible to
manufacture the light receiving image sensor 100 having the
random texture structure 115 capable of reducing crosstalk
by scattered light.

In the present example embodiment, 1t 15 possible to
manufacture the light recerving 1image sensor 100 1n which
a texture structure having a random planar orientation 1is
formed on a light rece1ving surface. Therefore, it 1s possible
to improve reliability, and reduce a problem on productivity.
In the present example embodiment, 1t 1s possible to prowde
a thin film semiconductor optical sensor capable of suili-
ciently exhibiting potential performance thereof.

Fifth Example Embodiment

Next, a texture structure manufacturing method according
to a fifth example embodiment of the present invention 1s
described. Similarly to the fourth example embodiment, the
present example embodiment 1s one example of a case
where the above-described texture structure manufacturing,
method 1s applied to a more specific thin film semiconductor
optical sensor manufacturing method or random texture
structure manufacturing process.

FIG. 21 1s a cross-sectional view of a thin film semicon-
ductor optical sensor to be manufactured by applying a
texture structure manufacturing method according to the
fifth example embodiment of the present invention. (a) to (d)
of FIG. 22, (a) to (¢) of FIG. 23, and (a) and (b) of FIG. 24
are cross-sectional views illustrating a manufacturing pro-
cess of the thin film semiconductor optical sensor 1n FIG. 21.

(Description on Configuration)

The thin film semiconductor optical sensor 1n FIG. 21 1s
a light receiving 1image sensor 200. Similarly to the fourth
example embodiment, the light receiving 1image sensor 200
in FIG. 21 includes a light absorbing medium 103, a second
clectrode 107, a first electrode 108, a first n-doped layer 109,
a passivation film 111, a metal bump 112, a readout circuit
chip 113, and a thermoset resin 114. Further, the light
receiving 1mage sensor 200 in FIG. 21 includes a random
texture structure 2135.



US 11,195,963 B2

23

(Description on Manufacturing Method)

The light receiving image sensor 200 in the present
example embodiment 1s manufactured by a manufacturing
process similar to the fourth example embodiment up to (a)
to (d) of FIG. 22, (a) to (c) of FIG. 23, and (a) of 24.

Specifically, a quantum dot nanostructure layer 205 made
of In,Ga,_, As 1s grown on a GaAs substrate 102. Herein, the
nanostructure layer 205 1n the present example embodiment
1s assumed to have a dot growth density of a scale substan-
tially equal to a typical structure scale d of a scattering
surface, which 1s intended to be manufactured.

Thereafter, a GaAs layer 1s formed 1n such a way that a
random pattern of a structure of the nanostructure layer 205
1s embedded, and a second n-doped layer 110 1s grown. The
second n-doped layer 110 1s formed 1n order to secure an
ohmic contact with the first electrode 108 to be formed later.
Thereatter, the light absorbing medium 103 including an
InAs quantum dot absorbing layer is grown. Further, by
growing the first n-doped layer 109 on the light absorbing
medium 103, a water for a thin film semiconductor optical
image sensor as 1llustrated 1n (a) of FIG. 22 1s acquired. The
first n-doped layer 109 1s formed in order to secure an ohmic
contact with the second electrode 107 to be formed later.

Next, 1n order to separate the light absorbing medium 103
into each element, a mesa structure 106 1s formed by
anmisotropic etching ((b) of FIG. 22). The second electrode
107 and the first electrode 108 are respectively formed by
vapor deposition on the first n-doped layer 109 on each of
the mesa structures 106, and on the second n-doped layer
110 that appears by etching ((¢) of FIG. 22). Further, the
passivation film 111 1s formed 1n such a way that an opening
1s located on an electrode portion by the second electrode
1077 and the first electrode 108 ((d) ol F1G. 22). Furthermore,
the metal bump 112 1s formed on the second electrode 107
and the first electrode 108 1n an opening of the passivation
f1lm 111 ((a) of FIG. 23). Lastly, a wafer 1s cut into each chip
to form a light receiving chip. Next, the readout circuit chip
113 in which a signal readout circuit 1s integrated 1n asso-
ciation with a cut light recerving chip 1s prepared, and the
tlipped light receiving chip and the readout circuit chip 113
are bonded with flip chip manner ((5) of FIG. 23). For the
purpose of increasing a mechanical strength of a device, the
thermoset resin 114 1s filled 1n a clearance between the light
receiving chip and the readout circuit chip 113 ((¢) of FIG.
23).

Next, a GaAs substrate of the light receiving chip 1s
removed by selective wet etching (e.g. a mixture of citric
acid and hydrogen peroxide water), and the nanostructure
layer 205 1s exposed ((a) of FIG. 24). Further, the nano-
structure layer 205 i1s removed. In the present example
embodiment, after the nanostructure layer 205 1s removed, a
GaAs layer 216 1n which a hole embedded with a quantum
dot 1s formed at random at an interval of about a typical
structure scale d 1s exposed ((b) of FIG. 24). By performing
anisotropic etching with respect to this surface, etching is
selectively proceeded 1n such a way that the hole embedded
with a quantum dot 1s enlarged, and a scattering surface
having the typical structure scale d can be acquired (FIG.
21). Thus, the light receiving image sensor 200 1n which the
random texture structure 215 1s formed by using a quantum
dot layer 1s completed.

(Description on Advantageous Ellects)

In the present example embodiment, similarly to the
fourth example embodiment, 1t 1s possible to manufacture, 1n
a simplified way, the random texture structure 215 in which
a size and a forming interval are controlled 1n the light
receiving image sensor 200. In the manufacturing method of
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the random texture structure 215 according to the present
example embodiment, stmilarly to the first to fourth example
embodiments, the nanostructure layer 205 1s grown by a
crystal growth method. A three-dimensional 1sland (quantum
dot) of a nanostructure 1s formed at a random position on a
growing surface by using a self-forming phenomenon of a
crystal growth process, and the random texture structure 215
1s manufactured by using the above.

Thus, 1t 1s possible to manufacture the random texture
structure 215, while omitting manufacturing a mask for a
random pattern. Further, 1t 1s possible to manufacture the
light receiving image sensor 200 having the random texture
structure 2135 by applying a manufacturing process of a thin
film semiconductor optical sensor.

In the present example embodiment, it 1s possible to
manufacture the light receiving 1image sensor 100 1n which
a texture structure having a random planar orientation 1s
formed on a light receiving surface. Therefore, it 1s possible
to improve reliability, and reduce a problem on productivity.
In the present example embodiment, it 1s possible to provide
a thin film semiconductor optical sensor capable of suili-
ciently exhibiting potential performance thereof.

In the foregoing, preferred example embodiments and
examples according to the present invention are described.
The present mvention, however, 1s not limited to the above.
For example, 1n the above-described example embodiments,
a case of forming a texture on a semiconductor 1s described.
The present invention, however, 1s not limited to the above.
A texture may be formed on a conductor or an insulator. It
1s possible to control any of a density, a size, a shape, and
a structure of a nanostructure by changing a crystal growth
condition of a nanostructure. The nanostructure may be
constituted of a quantum dot, a quantum dash, or a mixed
structure of either of a quantum dot structure or a quantum
dash structure, or a combined structure of a quantum dot
structure and a quantum dash structure. The above-described
optical device may include a light emitting element or a light
receiving element. Further, the above-described optical
device may be a quantum dot 1nirared sensor. It 1s needless
to say that various modifications are available within the
scope of the mvention described i the claims, and the
modifications are also included within the scope of the
present 1vention.

The whole or part of the example embodiments disclosed
above can be described as, but not limited to, the following
supplementary notes.

(Supplementary Note 1)

A method for manufacturing a texture structure compris-
ing: growing a layer including a randomly distributed nano-
structure on one major surface of a base material; forming a
light-scattering body having the nano structure embedded
therein; and exposing a surface of the light-scattering body
by removing a part or whole of the base material and the
layer including the nanostructure.

(Supplementary Note 2)

The method for manufacturing a texture structure accord-
ing to supplementary note 1, wherein an exposed surface of
the light-scattering body has concaves and convexes.

(Supplementary Note 3)

The method for manufacturing a texture structure accord-
ing to supplementary note 1 or 2, further comprising etching
a surface of the light-scattering body by using a concave or
a convex on an exposed surface of the light-scattering body
as a base point.

(Supplementary Note 4)

The method for manufacturing a texture structure accord-
ing to any one of supplementary notes 1 to 3, further
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comprising controlling any of a density, a size, a shape, and
a structure of the nanostructure by changing a crystal growth
condition of a layer including the nanostructure.

(Supplementary Note 5)

The method for manufacturing a texture structure accord-
ing to any one of supplementary notes 1 to 4, wherein the
nanostructure 1s constituted of a quantum dot, a quantum
dash, a mixed structure of either of a quantum dot structure
or a quantum dash structure, or a combined structure of a
quantum dot structure and a quantum dash structure.

(Supplementary Note 6)

The method for manufacturing a texture structure accord-
ing to any one of supplementary notes 1 to 5, wherein the
light-scattering body 1s a conductor, a semiconductor, or an
insulator.

(Supplementary Note 7)

A manufacturing method of a semiconductor optical sen-
sor employing the method for manufacturing a texture
structure according to any one of supplementary notes 1 to
6, comprising: forming a semiconductor active layer on one
major surface of a semiconductor substrate; growing a layer
including a randomly distributed nanostructure on the semi-
conductor active layer; forming a light-scattering body hav-
ing the nano structure embedded therein; and exposing a
surface of the light-scattering body by removing a part or
whole of the base material and the layer including the
nanostructure.

(Supplementary Note 8)

The manufacturing method of the semiconductor optical
sensor according to supplementary note 7, further compris-
ing: forming a barus structure by removing a part of the
semiconductor substrate; and forming a texture structure by
the light-scattering body on a bottom portion of the barus
structure.

(Supplementary Note 9)

The manufacturing method of the semiconductor optical
sensor according to supplementary note 7 or 8, further
comprising forming a mesa structure of a light absorbing
medium on one major surface of the light-scattering body,
aiter forming the light-scattering body having the nanostruc-
ture embedded therein.

(Supplementary Note 10)

The manufacturing method of the semiconductor optical
sensor according to any one of supplementary notes 7 to 9,
wherein the semiconductor optical sensor includes a light
emitting element or a light receiving element.

(Supplementary Note 11)

The manufacturing method of the semiconductor optical
sensor according to any one of supplementary notes 8 to 10,
wherein the semiconductor optical sensor 1s a quantum dot
inirared sensor.

(Supplementary Note 12)

The manufacturing method of the semiconductor optical
sensor according to any one of supplementary notes 8 to 11,
further comprising forming a mesa structure of a light
absorbing medium on one major surface of the light-scat-
tering body, after forming the light-scattering body embed-
ding the concave and convex surface.

(Supplementary Note 13)

The manufacturing method of the semiconductor optical
sensor according to any one of supplementary notes 8 to 12,
comprising: a process of manufacturing a semiconductor
waler including a semiconductor growing layer having the
nanostructure and the semiconductor active layer on a first
semiconductor substrate by a crystal growth method; a
process ol processing a growing layer including the semi-
conductor active layer into a mesa of a predetermined size;
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a process of manufacturing a bump structure on the mesa; a
process ol bonding a first semiconductor substrate on a
second semiconductor substrate 1n which a signal readout
circuit 1s integrated, by using the bump structure; and a
process ol removing the first semiconductor substrate and
manufacturing a texture by employing the exposed nano-
structure.

In the foregoing, the present mvention 1s described by
using the above-described example embodiments as an
exemplary example. The present invention, however, 1s not
limited to the above-described example embodiments. Spe-
cifically, the present invention i1s applicable to various
aspects comprehensible to a person skilled i the art within
the scope of the present imvention.

REFERENCE SIGNS LIST

1 Optical 1image sensor

2 Substrate

3 Light absorbing medium

4 Light incident surface texture structure
5 Back surface texture structure
6 Light reflecting body

7 Second electrode

8 First electrode

9 Incident light

11 Semiconductor substrate

12 First semiconductor layer

13 Second semiconductor layer
14 Third semiconductor layer
15 Semiconductor active layer
16 Semiconductor cover layer
17 Opening resist pattern

18 Opening structure

19 Hole structure

20 Random texture structure
100, 200 Light receiving image sensor
102 GaAs substrate

103 Light absorbing medium
105 Nanostructure layer

106 Mesa structure

107 Second electrode

108 First electrode

109 First n-doped layer

110 Second n-doped layer

111 Passivation film

112 Metal bump

113 Readout circuit chip

114 Thermoset resin

115, 215 Random texture structure
205 Nanostructure layer

216 GaAs layer

The mmvention claimed 1s:
1. A method for manufacturing a texture structure com-
prising;:

growing a layer including a randomly distributed nano-
structure on one major surface of a base material;

forming a light-scattering body having the nanostructure
embedded therein; and

exposing a surface of the light-scattering body by remov-
ing a part or whole of the base material and the layer
including the nanostructure, wherein

the nanostructure 1s constituted of a quantum dot, a
quantum dash, a mixed structure of either of a quantum
dot structure or a quantum dash structure, or a com-
bined structure of a quantum dot structure and a quan-
tum dash structure.
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2. The method for manufacturing a texture structure
according to claim 1, wheremn an exposed surface of the
light-scattering body has concaves and convexes.

3. The method for manufacturing a texture structure
according to claim 1, further comprising etching a surface of
the light-scattering body by using a concave or a convex on
an exposed surface of the light-scattering body as a base
point.

4. The method for manufacturing a texture structure
according to claim 1, further comprising controlling any of
a density, a size, a shape, and a structure of the nanostructure
by changing a crystal growth condition of a layer including
the nanostructure.

5. The method for manufacturing a texture structure
according to claim 1, wherein the light-scattering body 1s a
conductor, a semiconductor, or an insulator.

6. A manufacturing method of a semiconductor optical
sensor employing the method for manufacturing a texture
structure according to claim 1, comprising;

forming a semiconductor active layer on one major sur-
face of a semiconductor substrate;

growing a layer including a randomly distributed nano-
structure on the semiconductor active layer;

forming a light-scattering body having the nanostructure
embedded therein; and

exposing a surface of the light-scattering body by remov-
ing a part or whole of the base material and the layer
including the nanostructure.

7. The manufacturing method of the semiconductor opti-
cal sensor according to claim 6, further comprising: forming
a barus structure by removing a part of the semiconductor
substrate; and forming a texture structure by the light-
scattering body on a bottom portion of the barus structure.

8. The manufacturing method of the semiconductor opti-
cal sensor according to claim 7, wherein the semiconductor
optical sensor 1s a quantum dot infrared sensor.

9. The manufacturing method of the semiconductor opti-
cal sensor according to claim 7, comprising: forming a mesa
structure of a light absorbing medium on one major surface
of the light-scattering body, after forming the light-scatter-
ing body embedding the concave and convex surface.

10. The manufacturing method of the semiconductor
optical sensor according to claim 7, comprising:

a process of manufacturing a semiconductor water includ-
ing a semiconductor growing layer having the nano-
structure and the semiconductor active layer on a first
semiconductor substrate by a crystal growth method;

a process ol processing a growing layer including the
semiconductor active layer into a mesa of a predeter-
mined size;

a process of manufacturing a bump structure on the mesa;

a process of bonding a first semiconductor substrate on a
second semiconductor substrate in which a signal read-
out circuit 1s mtegrated, by using the bump structure;
and
a process of removing the first semiconductor substrate

and manufacturing a texture by employing the
exposed nanostructure.

11. The manufacturing method of the semiconductor
optical sensor according to claim 6, further comprising:
forming a mesa structure of a light absorbing medium on one
major surface of the light-scattering body, after forming the
light-scattering body having the nanostructure embedded
therein.
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12. The manufacturing method of the semiconductor
optical sensor according to claim 6, wherein the semicon-
ductor optical sensor includes a light emitting element or a
light receiving element.

13. A manufacturing method of a semiconductor optical
sensor employing the method for manufacturing a texture
structure 1ncluding growing a layer including a randomly
distributed nanostructure on one major surface of a base
matenal, forming a light-scattering body having the nano-
structure embedded therein, and exposing a surface of the
light-scattering body by removing a part or whole of the base
material and the layer including the nanostructure, compris-
ng:

forming a semiconductor active layer on one major sur-
face of a semiconductor substrate;

growing a layer including a randomly distributed nano-
structure on the semiconductor active layer;

forming a light-scattering body having the nanostructure
embedded therein; and

exposing a surface of the light-scattering body by remov-
ing a part or whole of the base material and the layer
including the nanostructure.

14. The manufacturing method of the semiconductor
optical sensor according to claim 13, further comprising:
forming a barus structure by removing a part of the semi-
conductor substrate; and forming a texture structure by the
light-scattering body on a bottom portion of the barus
structure.

15. The manufacturing method of the semiconductor
optical sensor according to claim 14, wherein the semicon-
ductor optical sensor 1s a quantum dot infrared sensor.

16. The manufacturing method of the semiconductor
optical sensor according to claim 14, comprising: forming a
mesa structure of a light absorbing medium on one major
surface of the light-scattering body, after forming the light-
scattering body embedding the concave and convex surtace.

17. The manufacturing method of the semiconductor
optical sensor according to claim 14, comprising:

a process of manufacturing a semiconductor wafer includ-
ing a semiconductor growing layer having the nano-
structure and the semiconductor active layer on a first
semiconductor substrate by a crystal growth method;

a process ol processing a growing layer including the
semiconductor active layer into a mesa of a predeter-
mined size;

a process of manufacturing a bump structure on the mesa;

a process of bonding a first semiconductor substrate on a
second semiconductor substrate in which a signal read-
out circuit 1s mtegrated, by using the bump structure;
and

a process of removing the first semiconductor substrate
and manufacturing a texture by employing the exposed
nanostructure.

18. The manufacturing method of the semiconductor
optical sensor according to claim 13, further comprising:
forming a mesa structure of a light absorbing medium on one
major surface of the light-scattering body, after forming the
light-scattering body having the nanostructure embedded
therein.

19. The manufacturing method of the semiconductor
optical sensor according to claim 13, wherein the semicon-
ductor optical sensor includes a light emitting element or a
light receiving element.
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